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Abstract There is a great interest in xylanases due to the
wide variety of industrial applications for these enzymes.
We cloned a xylanase gene (xyn8) from an environ-
mental genomic DNA library. The encoded enzyme was
predicted to be 399 amino acids with a molecular weight
of 45.9 kD. The enzyme was categorized as a glycosyl
hydrolase family 8 member based on sequence analysis
of the putative catalytic domain. The purified enzyme
was thermolabile, had an activity temperature optimum
of 20°C on native xylan substrate, and retained signifi-
cant activity at lower temperatures. At 4°C, the apparent
K, was 3.7 mg/ml, and the apparent k., was 123/s.
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Introduction

Hemicellulose is the second most common component of
biomass and thus represents a large source of renewable
substrate (Ward and Moo-Young 1989). By developing
technologies, such as enzymatic hydrolysis, to better
utilize this material, the cost efficiency of transitioning to
a more bio-based economy will be improved. Hemicel-
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lulose is composed primarily of xylan, a f-1,4-linked
polymer of xylose residues, that is frequently decorated
with a wide variety of chemical moieties that can limit
enzymatic access to the main chain (Biely et al. 1986;
Poutanen et al. 1991; Bajpai 1997). As a result, a suite of
enzymes is generally required to ensure complete enzy-
matic hydrolysis of native xylan.

The most critical enzymatic components are the
endo-xylanases (EC 3.2.1.8). These enzymes hydrolyze
the internal f$-1,4 bonds of the main xylan chain (Saha
and Bothast 1999). Based on sequence analysis of the
catalytic domain, these xylanases are categorized into
glycosyl hydrolase (GH) families (Henrissat and Bairoch
1996). Members of a GH family share a common
structural motif and catalytic mechanism. Of the xy-
lanase gene sequences in the public domain, the vast
majority is categorized as GHI10 or GHI1 family
members (Collins et al. 2005). GH11 xylanases generally
have a lower molecular weight and have higher specific
activities than the GH10 enzymes. However, GH10 en-
zymes can better hydrolyze substrates that are highly
branched. Besides these two families, a few xylanases
have also been discovered in GH families 5, 7, 8, and 43
(Collins et al. 2005).

There is a great interest in discovering xylanase en-
zymes for various applications. Xylanases are needed to
more fully hydrolyze lignocellulosic biomass into simple
sugars that can then be fermented to products, such as
liquid fuel and chemical feedstocks. The enzymes are
also used in the production processes of other industries,
such as animal feed, baking, and paper (Beg et al. 2001;
Subramaniyan and Prema 2002). Most of the focus has
been to develop thermophilic enzymes that can tolerate
high temperatures (Andrews et al. 2004; Lee and Lim
2004; Sun et al. 2005). By elevating the temperature,
the rates of the reaction are increased. However, there
are situations when using psychrophilic enzymes might
be preferred (Gerday et al. 2000; Collins et al. 2005). For
instance, colder reaction conditions would preserve the
properties of heat labile products. Alternatively, the
extent of enzymatic digestion could be easily controlled
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by heat denaturing the cold-active enzymes. The use of
colder reaction conditions would also lead to energy
savings.

To discover new enzymes, the traditional strategy has
been to culture and screen individual strains and then
clone the unknown genes of interest. However, less than
1% of the microbiological organisms from the envi-
ronment can be cultured using standard laboratory
techniques, thus narrowing the spectrum of organisms
that can be studied (Amann et al. 1995). To address this
issue, a more recent approach has been to create libraries
from genetic material that is isolated directly from an
environmental sample that has not been subjected to any
laboratory culturing (Lorenz et al. 2002; Streit et al.
2004). This “metagenomic” approach enables the
exploration of a much wider sequence space than would
otherwise be possible.

We screened a genomic DNA library created from
the population of microorganisms collected from the
waste lagoon of a dairy farm. A gene encoding a xy-
lanase enzyme (Xyn8) was isolated and cloned. The
encoded enzyme was classified as a GH8 family member
based on sequence analysis of the catalytic domain. The
enzyme was active against native xylan substrates but
had only negligible cellulolytic activity. In addition, the
enzyme retained significant activity even at 4°C.

Materials and methods
Sample collection and genomic DNA preparation

Samples were collected from a lagoon used to contain
the manure wastewater from a dairy farm in Modesto,
California. This lagoon was 14°C at the time of sam-
pling. Microorganisms from 3 ml aliquots of the
wastewater were pelleted by centrifugation. The cells
were disrupted using the CLS-TC buffer and two
0.25 in. ceramic spheres of the FastDNA Kit (Qbiogene,
Irvine, CA, USA), and the genomic DNA was then
isolated according to the manufacturer’s instructions.

Genomic DNA library construction and activity
screening

The genomic DNA isolated from the waste lagoon
samples was partially digested with Apol restriction en-
zyme. The digest was separated on an agarose gel by
electrophoresis, and the fragments sized 4-10 kB were
excised and purified using the QiaExII gel purification
kit (Qiagen, Valencia, CA, USA). These fragments were
then ligated to the EcoRI-digested Lambda ZAP II
vector and packaged into lambda phage (Lambda ZAP
IT Vector and Gigapack III Packaging Extract, Strata-
gene, La Jolla, CA, USA).

The phage genomic DNA library was screened for
xylanase activity using RBB-xylan (4-O-methyl-D-glu-
curono-D-xylan-remazol brilliant blue R), a dye-labeled

substrate (Sigma, St. Louis, MO, USA). XL1-Blue MRF’
cells (Stratagene) were infected with phage and spread
onto NZY agar plates. A 0.2% RBB-xylan overlay was
poured over the infected cells and incubated overnight at
37°C. Phage plaques that resulted in clearings in the RBB-
xylan overlay were isolated and rescreened for activity
until purified plaques were obtained.

Subcloning xyn§ gene

The purified phage clones with the genomic DNA
fragments encoding the xylan-degrading activity were
subjected to in vivo excision according to the manufac-
turer’s protocol (Stratagene) resulting in a plasmid
containing the genomic DNA fragment in the pBlue-
script vector backbone. The genomic DNA was se-
quenced in its entirety, and predicted open reading
frames were determined with the Vector NTI bioinfor-
matics package (Invitrogen, Carlsbad, CA, USA).
BLAST analysis identified potential xylanase gene se-
quences to be studied (Altschul et al. 1990).

The xyn8 gene was amplified by subjecting the cor-
responding genomic DNA fragment to PCR using the
following primers:

lagNA-X8-5: CGCCATATGCATGACAGAGGT-

GCTTTTTATAC AGG

lagNA-X8-3: GCGCTCGAGTTCCGGTTTCCAT-

ATTTTAAAATCACCG

The 5" and 3" PCR primers were designed with Ndel
and Xhol restriction enzymes sites, respectively, adjacent
to the gene coding sequences. The PCR product and
pET-22b plasmid (Novagen, Madison, WI, USA) were
digested with Ndel and Xhol restriction enzymes and
ligated. The resulting expression vector, pET22-X8, was
designed to express the Xyn8 enzyme fused to a 6X-
histidine tag at the C-terminus.

Expression and purification of Xyn8

The pET22-X8 plasmid was transformed into
BL21::DE3(pLysE) (Novagen). Liquid Luria-Bertani
(LB) cultures were grown at 37°C, and protein expres-
sion was induced by adding isopropyl-S-D-thiogalacto-
pyranoside (IPTG) to 1 mM when the culture reached
an optical density of 0.5 at 600 nm. Three hours after
induction, the bacterial cells were harvested by centri-
fugation. The cell pellet was resuspended in 1/20 original
culture volume in 25 mM Tris (pH 8), 300 mM sodium
chloride, and 20 mM imidazole. The suspension was
frozen in liquid nitrogen, thawed, sonicated, and cen-
trifuged. The soluble protein was collected, applied to a
HisTrap HP column (GE Healthcare, Piscataway, NJ,
USA), and eluted with an imidazole gradient in buffer
containing 50 mM sodium phosphate (pH 8) and
300 mM sodium chloride. The buffer of the elution
fractions containing purified Xyn8 enzyme was ex-
changed by applying the fractions to a protein-desalting
column (Pierce, Rockford, IL, USA) that had been



equilibrated with 25 mM sodium acetate (pH 5.5) and
25 mM sodium chloride.

Xylanase activity assays

Enzyme activity on solid media was assayed by spotting
BL21::DE3(pLysE) clones transformed with expression
constructs on LB agar plates supplemented with 0.1%
RBB-xylan and 1 mM IPTG. Plates were incubated
overnight at 37°C.

Liquid enzyme activity was determined for various
carbohydrate substrates: beech wood xylan, birch wood
xylan, wheat arabinoxylan, rye arabinoxylan, carb-
oxymethyl cellulose, Avicel, laminarin, and lichenin. The
wheat and rye arabinoxylan were obtained from Mega-
zyme (Bray, Ireland), and all others were obtained from
Sigma. Reactions were conducted at various tempera-
tures (4-60°C) and various pHs (Universal buffer:
8.3 mM each of citric acid, monobasic potassium
phosphate, and boric acid). Temperature stabilities were
determined by incubating the enzyme at various tem-
peratures for 45 min at pH 7, cooling the reaction on ice,
and then adding the enzyme to beech wood xylan and
measuring the activity at 20°C. The pH stabilities were
determined by incubating the enzyme at various pHs for
17 h at 20°C, and then adding the enzyme to substrate
and measuring the activity at pH 7. All determinations
of temperature and pH optimums and stabilities were
conducted with 5 mg/ml beech wood xylan. All activity
assays were conducted three times.

Extent of enzymatic digest was quantified by mea-
suring the release of reducing sugar. Briefly, 100 pl of
the reaction was added to 150 pl of DNSA reagent (1%
dinitrosalicyclic acid and 30% potassium sodium tar-
trate in 0.5 M sodium hydroxide) and heated to 100°C
for 5 min. The absorption of the resulting solution was
measured on a microplate reader at 562 nm. Xylose
standards were used to plot a calibration curve.

Analysis of xylanase hydrolysis products

1.9 pg of xylanase was incubated 16 h at 30°C with
substrate in a 25 ul reaction (Universal buffer (pH 7)).
Beech wood xylan was used at 10 mg/ml, and xylose,
xylobiose, xylotriose, xylotetraose, and xylopentaose
were used at 1 nmol/pl. Xylose was obtained from Sig-
ma, and xylooligomers were obtained from Megazyme.
Reactions were stopped by adding 80 pl of 100% etha-
nol to each tube. The tubes were incubated on ice for
10 min, centrifuged, and the supernatant was collected
and lyophilized. The reducing sugar ends were labeled
with a fluorophore using the Carbohydrate Labeling and
Analysis Kit (Beckman Coulter, Fullerton, CA, USA).
Samples were then analyzed on an eCAP N-CHO-
coated capillary installed on a P/ACE MDQ Capillary
Electrophoresis System with a 488 nm laser detection
module (Beckman Coulter).
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Results and discussion
Cloning and sequence analysis of xyn8 gene

An environmental sample was collected from a dairy
farm waste lagoon. The total number of aerobic and
anaerobic bacteria was 1x10° colony-forming units/ml
based on viable plate counts (Jeffery McGarvey, per-
sonal communication), although there likely were many
more organisms that were not accounted for because
they could not grow under laboratory conditions.

Genomic DNA was isolated directly from an uncul-
tured sample of the waste lagoon water and used to
create a phage library. 5x10° plaque-forming units were
screened for activity on xylan substrate. One of the
clones that had activity against xylan contained a 1,194
base pair-open reading frame (xyn8) (Genbank
DQ241404) that was predicted to encode an endoxy-
lanase (Table 1). The putative catalytic domain of the
enzyme classified it as a member of the GH family 8.
There are only four other xylanases in the public domain
that have been categorized in GH family 8. Alignment of
the Xyn8 protein sequence to these other enzymes
indicates the presence of the conserved catalytic amino
acids of this family (Fig. 1). Glu73 is the predicted cat-
alytic acid, and Asp281 is most likely the catalytic base
(Guerin et al. 2002). However, Aspl33 has also been
suggested to be either the catalytic base or play some
other critical role in overall catalysis (Ozaki et al. 1994;
Alzari et al. 1996; Van Petegem et al. 2003). The Xyn8
was most homologous to X6806 (Fig. 1) with 42%
amino acid identity over the length of the enzyme (data
not shown). The Xyn8 enzyme does not encode a pre-
dicted signal peptide sequence (Nielsen et al. 1997) or
any known carbohydrate binding modules. The Xyn8
enzyme is likely of bacterial origin given the high
homology to other bacterial xylanases and the lack of
introns in the gene.

Table 1 Physical and biochemical properties of Xyn8

Gene length
Enzyme length

1,194 base pairs
399 amino acids

Enzyme molecular weight 459 kD

Enzyme pl 4.98

Apparent K, (20°C) 5.3 mg/ml
Apparent V.5 (20°C) 768 pmol/min/mg
Apparent k¢, (20°C) 588/s

Apparent K, (4°C) 3.7 mg/ml
Apparent V., (4°C) 161 pmol/min/mg
Apparent k¢, (4°C) 123/s

Hydrolysis products from:

Beechwood xylan X1, X5, and X3
Xylose None

Xylobiose None

Xylotriose None
xylotetraose X, and X;3
xylopentaose X, and X3

X; xylose; X, xylobiose; and X3 xylotriose
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Fig. 1 Alignment of Xyn8 enzyme to other GH8 xylanase enzymes.
Xyn8 this study; X6806 insect gut xylanase (Brennan et al. 2004);
B.a. Bifidobacterium adolescentis (van den Broek et al. 2005); KK-1

A. B. MX
70kD-B
Vector 60 KD-
50 kD-
Xyn8 40 kD-
30 kD-

Fig. 2 Xyn8 expression and purification. a Bacteria transformed
with either vector control or Xyn8 expression construct were
spotted onto LB agar supplemented with RBB-xylan. b Purified
Xyn8 enzyme analyzed on as SDS polyacrylamide gel. M molecular
weight markers. X Xyn8 protein

100

% activity

0

Be Bi W-AX R-AX CMC Avi Lam Lic

Fig. 3 Susceptibility of carbohydrate substrates to xylanase diges-
tion. All reactions were conducted at 20°C and pH 7 with 10 mg/ml
substrate. Be beech wood xylan; Bi birch wood xylan; W-A4X wheat
arabinoxylan; R-AX rye arabinoxylan; CMC carboxymethyl
cellulose; Avi Avicel; Lam laminarin (algal f-glucan); and Lic
lichenin (lichen glucan)

Expression and characterization of Xyn8 enzyme

The xyn8 gene was subcloned into a plasmid vector to
express enzyme in bacteria. Clones transformed with the
expression vector were spotted onto solid media sup-
plemented with xylan substrate to demonstrate that ac-
tive enzyme was produced (Fig. 2a). Xyn8 enzyme was
collected and affinity purified from large-scale liquid
culture. Polyacrylamide electrophoresis established that
the size of the purified enzyme was approximately the
predicted molecular weight of 45.9 kD (Fig. 2b).

The Xyn8 enzyme had activity against a variety of
natural xylan substrates and beech wood xylan was
determined to be the most susceptible to digestion
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Bacillus sp. strain KK-1 (Yoon et al. 1998); and P.h. Pseudoalte-
romonas haloplanktis (Collins et al. 2002)
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Fig. 4 pH and temperature optimums and stabilities of Xyn8
enzyme on beech wood xylan. a Open squares are relative activities
at various pH. Closed triangles are relative activities of the enzyme
after incubation at various pHs followed by measuring the activity
at pH 7. All reactions were conducted at 20°C. b Open squares are
relative activities at various temperatures. Closed triangles are
relative activities after incubation at various temperatures followed
by measuring the activity at 20°C. All reactions were conducted at
pH 7. The error bars are approximately the size of the symbols

(Fig. 3). There was negligible activity against cellulose
substrates (carboxymethyl cellulose and Avicel) or other
glucose-based substrates (laminarin and lichenin). The
products of the enzymatic digest were analyzed by cap-
illary electrophoresis (Table 1). When beech wood xylan
was used as substrate, the primary products were xylose,
xylobiose, and xylotriose. When xylooligomers were
used as substrates, only xylotetraose and xylopentaose
were hydrolyzed by the enzyme. Xylotetraose was



hydrolyzed to xylotriose and xylose; xylopentaose was
hydrolyzed to xylotriose and xylobiose.

Using beech wood xylan as substrate, it was deter-
mined that the enzyme had an optimal activity at pH 6-7
(Fig. 4a.) The enzyme was also stable over a broad pH
range (Fig. 4a). More than 60% of the enzyme activity
was present even after incubation at pH 4 or pH 11. The
Xyn8 enzyme had an optimal temperature of 20°C
(Fig. 4b). At 60°C, there was no detectable activity;
however, the enzyme demonstrated significant activity
(29% of optimal) at the coldest temperature tested
(5°C). The enzyme was stable when preincubated up to
50°C, but lost all activity at 60°C.

Kinetic parameters were determined for Xyn8 using
beech wood xylan at 20°C and 4°C (Table 1). Kinetic
studies have been reported for only four other cold-ac-
tive xylanase enzymes. Xylanase A from the Antarctic
krill has an optimal activity at 40°C, but retains 30%
activity at 4°C against oat xylan (Turkiewicz et al. 2000).
The K,, value of the krill xylanase at its optimal tem-
perature is comparable to the Xyn8 enzyme (K,,=4.1
and 5.3 mg/ml, respectively). However, the V., of
Xyn8 enzyme is a 100-fold higher than that of the krill
xylanase (Vpnax=768 and 7.4 pymol/min/mg, respec-
tively). When tested against beech wood xylan at 20°C,
the cold-active XynlO enzyme isolated from a Flavo-
bacterium sp. had a lower K, than the Xyn8 enzyme
(Kn=1.8 and 5.3 mg/ml, respectively), but Xynl0 en-
zyme had a much lower V. than Xyn8 enzyme
(Vmax=142 and 768 pmol/min/mg, respectively) (Lee
et al. 2006). Another cold-active xylanase is the enzyme
isolated from Pseudoalteromonas haloplanktis that also
happens to be a GH8 family member and was assayed
against birch wood xylan (Collins et al. 2002). At 25°C,
the P. haloplanktis enzyme has a higher catalytic con-
stant than Xyn8 at its optimal temperature (20°C)
(kcar= 1,247 and 588/s, respectively). However, the Xyn8
has a much lower K, than the P. haloplanktis enzyme
(Kn=15.3 and 28 mg/ml, respectively). The only previ-
ously reported cold-active xylanase that has been char-
acterized in detail at lower temperatures is from
Cryptococcus adeliea using oat xylan as substrate (Pet-
rescu et al. 2000). At 4°C, the C. adeliea enzyme has a
keae of 14.8/s which is eightfold less than that of Xyn8
(123/s). Thus, compared to previously reported cold-
active xylanases, the Xyn8 enzyme had favorable bio-
chemical characteristics.
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